Recent advances in video processing technology have provided a new approach to measuring the surface velocity of water flow (SVWF). However, most of the previous researches using video processing technology depended on tracers for target tracing, requiring spraying tracers in the measurement process. These methods are not convenient for velocity measurement. In this study, a dense optical flow method (Farneback optical flow method) was used to process the water flow video to get the estimated SVWFs. The estimated SVWFs were verified by the actual SVWFs measured by a portable propeller velocimeter. The regression analyses between the estimated SVWFs and the measured SVWFs were conducted. The coefficient of determinations (R 2 ) of the estimated and the measured SVWFs in different test regions are between 0.81 and 0.85. The average relative errors of the estimated and the measured SVWFs in all test regions are no more than 6.5%. The results indicate that the method had a good accuracy in estimating the SVWF and is a feasible and promising approach to analyzing the surface velocity distribution of water flow.
Introduction
Velocity measurement of water flow is an important task in hydrological monitoring [1] [2] [3] . The commonly used methods are using contact measurement instruments, such as propeller velocimeters and electromagnetic flow velocimeters. These devices can directly measure multi-point velocities by completely submerging in water but are susceptible to damage [4] . Ultrasonic Doppler velocimetry uses a non-contact measurement device for measuring flow velocity [5] [6] [7] . It utilizes the Doppler effect of the ultrasonic wave to measure the frequency between the incident wave and the reflected wave to obtain the flow velocity, but it can't reflect the velocity distribution of water flow, and the equipment installation is complicated [8] . Therefore, it would be valuable to develop a new convenient and easy-to-use flow velocity measuring method.
With the development of image and video processing technologies, flow velocity measurement methods based on video processing techniques have been proposed. Fujita et al. [9, 10] proposed a high-precision surface velocity of water flow (SVWF) measuring method known as the particle imaging velocimetry (PIV) method. This method calculated the SVWF by measuring the displacement of tracer particles within a short time. Jodeau et al. [11] used large scale particle image velocity (LS-PIV) method to measure the SVWF in a mountain stream during high flow conditions due to a reservoir release, and the SVWF was converted into depth-averaged velocities to calculating discharges. Han et al. [12] employed micro-PIV technique to measure the water flow rates for three types of T-shaped micro-channel, obtaining the velocity distributions on the cross section of the microchannels. PIV method is suitable for analyzing complex flow velocity field distributions [13, 14] . However, it requires spraying of tracing particles continuously, and it also has strict requirements in terms of the shape, size, and scattering rate of the tracer objects [15] [16] [17] [18] . Jeanbourquin et al. [19] took the floating wastes on the sewer water surface as tracers, using PIV method to estimate sewer flow velocity. However, the method has obvious limitations in the absence of floating matter.
Dense optical flow (DOF) method is a tracer-independent object motion measurement method based on video processing techniques [20, 21] . It is a point-by-point method for deriving the moving direction and velocity of targets from analyzing the displacement of these targets in two successive video images [22] [23] [24] [25] . A few studies based on the DOF method have already been conducted in velocity measurement field. Wu et al. [26] applied the DOF method to estimate the red blood cell (RBC) velocity based on acquired capillary videos, indicating this method has the potential to provide more specific and detailed information of RBC velocity in microcirculation. Zheng et al. [27] developed a measurement method for the acquisition of the thermal smoke flow velocity profiles based on the optical flow method in fire building experiments, using the traditional point measurement and simulation results to verify the feasibility of the optical-based method. The results indicated that the optical flow method was a feasible measurement method for fire smoke flow fields. However, few researches on the measurement of surface velocity of water flow (SVWF) by DOF method have been found.
In this study, we aim to explore the feasibility of measuring SVWF by DOF method. We recorded the channel flow videos by a camera, and processed the video by DOF method to obtain the estimated flow surface velocity field. A portable propeller velocimeter was used to obtain the actual SVWF. The regression analysis of estimated and actual velocities was carried out to verify the feasibility and accuracy of the method.
Methodology

Principle Analysis of DOF Method
DOF method is one of object motion estimation methods based on video processing techniques. It has two hypotheses: The gray level observed at any object point remains unchanged for a short time (gray level invariant hypothesis); the adjacent points in the image plane move in a similar way (velocity smoothing constraints) [28] [29] [30] . The calculation principle is as follows.
As shown in Figure 1 , we suppose that each small grid represents a pixel. The pixel P in the image represents a tracing target point. It moves to pixel P' within the time interval (∆t) of two successive images.
Water 2019, 11, x FOR PEER REVIEW 2 of 10 microchannels. PIV method is suitable for analyzing complex flow velocity field distributions [13, 14] . However, it requires spraying of tracing particles continuously, and it also has strict requirements in terms of the shape, size, and scattering rate of the tracer objects [15] [16] [17] [18] . Jeanbourquin et al. [19] took the floating wastes on the sewer water surface as tracers, using PIV method to estimate sewer flow velocity. However, the method has obvious limitations in the absence of floating matter. Dense optical flow (DOF) method is a tracer-independent object motion measurement method based on video processing techniques [20, 21] . It is a point-by-point method for deriving the moving direction and velocity of targets from analyzing the displacement of these targets in two successive video images [22] [23] [24] [25] . A few studies based on the DOF method have already been conducted in velocity measurement field. Wu et al. [26] applied the DOF method to estimate the red blood cell (RBC) velocity based on acquired capillary videos, indicating this method has the potential to provide more specific and detailed information of RBC velocity in microcirculation. Zheng et al. [27] developed a measurement method for the acquisition of the thermal smoke flow velocity profiles based on the optical flow method in fire building experiments, using the traditional point measurement and simulation results to verify the feasibility of the optical-based method. The results indicated that the optical flow method was a feasible measurement method for fire smoke flow fields. However, few researches on the measurement of surface velocity of water flow (SVWF) by DOF method have been found.
Methodology
Principle Analysis of DOF Method
As shown in Figure 1 , we suppose that each small grid represents a pixel. The pixel P in the image represents a tracing target point. It moves to pixel P' within the time interval (∆t) of two successive images. Using symbols I(x p , y p , t) to represent the gray value of P(x p , y p ) at time t, the gray value of P'(x p + ∆x, y p + ∆y) at time t + ∆t can be expressed as I(x p + ∆x, y p + ∆y, t + ∆t). According to the above gray scale invariant hypothesis:
Using the Taylor series expansion to expand Equation (1):
Applying equation (1) and ignoring the higher order terms (ε) in Equation (2), the following equation can be obtained:
∂I ∂x ∆x ∆t + ∂I ∂y
Using u and v to represent the component of the optical flow vector along the X and Y directions respectively:
According to Equations (4) and (5), Equation (3) can be turned into:
Equation (6) is the fundamental equation of optical flow method. There are many methods to calculate DOF. The Farneback optical flow method (FOFM) based on gray level invariant hypothesis is more accurate than other optical flow methods [31] [32] [33] . In this study, the FOFM was used to solve the problem.
For a small image neighborhood area (with yellow marks in Figure 1 ), the gray level function F(x, y) of the pixel X = (x y) T can be approximately expressed by a binary quadratic polynomial:
Equation (7) can be written in matrix form.
where:
The gray value of the pixels X at time t is:
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Turning Equation (13) into:
According to the hypothesis of gray level invariant hypothesis:
Equating the coefficients of Equations (12) and (14):
Turning Equation (17) into:
Ideally A t+∆t and A t should be equal but in practice we have to make the following approximation:
Introducing:
Using A M to r A t+∆t , the Equation (19) can be turned into:
To reduce the influence of noise, the error function e(X) of the neighborhood area (D) of the target pixel is constructed. The displacement (∆X) of the target point during the corresponding time is determined by minimizing the error function e(X), from which the velocity of the pixel is deduced.
where ω(∆D) the Gauss weighting function in neighborhood area D. In this study, we used a 5 × 5 pixels neighborhood area. The ω(∆D) is used to reflect the influence degree of each point in the neighborhood area. The closer each pixel is to the target pixel in the neighborhood area, the greater the value of the Gauss weighting function is.
Experiment Design
The flow velocity measurement experiments were carried out in a standard trapezoidal channel (15 m in length, 150 cm in upper width, 30 cm in bottom width, and 60 cm in depth) in the experimental irrigation station of Northwest A & F University, Yangling, Shaanxi Province, China. The optical flow method estimates the flow velocity by identifying the movement of the ripples. If the water surface is shaded, the ripples change dramatically from the bright area to the shaded area, which cannot be accurately identified. Therefore, the experiment was carried out under the condition of good light and no shadows on the water surface.
Experiment Preparatory Work
The flow video materials were recorded by a camera. We fixed the camera on a tripod. The lens was set to be parallel to the water flow surface and one meter away from the water surface. The image captured by camera needed to be calibrated to obtain the relationship between the actual distance and the pixels [34] [35] [36] [37] . A rectangular box of 20 cm × 25 cm was used to calibrate. After calibration, when the lens was one meter away from the water surface, the actual distance represented by one pixel was 2.13 mm.
Actual Flow Velocity Measurement and Video Acquisition
We carried out 20 tests. For each test, we made the channel pass through different discharges and keep the flow stable. The types of the flow were subcritical flow. Three typical regions on the water surface were selected to measure their SVWF and each region contained three measurement points, as shown in Figure 2 . The width of each typical region was 6.5 cm, and the length was 136 cm (the length of the channel within the video recording range). In velocity measurement, the SVWF in the main direction (the direction parallel to the channel bank) was the most concerned. The actual SVWF in the main direction was measured by an LS300-A portable propeller velocimeter (Weifang Huayu Hydrological Science and Technology Co., Ltd, Weifang, China) with an accuracy of 0.001 m/s. The diameter of the propeller was 15 mm. The propeller was put into the water 1 to 2 cm to measure the SVWF. According to the ideal relationship between channel depth and flow rate, the shallow flow velocity is very close to the surface velocity. Thus, we assumed that the velocity measured by the velocimeter was the surface velocity. After the velocities of nine measurement points were measured, the velocimeter was moved out of the recording range of the camera to get the flow video material (at least 10 s) without interference. We repeated the velocity measurement and video acquisition five times for each test. The average of five measured SVWFs of each point was regarded as the actual SVWF of that point. The average of the measured SVWF of three target points in a region was considered as the actual SVWF of that region. (the length of the channel within the video recording range). In velocity measurement, the SVWF in the main direction (the direction parallel to the channel bank) was the most concerned. The actual SVWF in the main direction was measured by an LS300-A portable propeller velocimeter (Weifang Huayu Hydrological Science and Technology Co., Ltd, Weifang, China) with an accuracy of 0.001 m/s. The diameter of the propeller was 15 mm. The propeller was put into the water 1 to 2 cm to measure the SVWF. According to the ideal relationship between channel depth and flow rate, the shallow flow velocity is very close to the surface velocity. Thus, we assumed that the velocity measured by the velocimeter was the surface velocity. After the velocities of nine measurement points were measured, the velocimeter was moved out of the recording range of the camera to get the flow video material (at least 10 s) without interference. We repeated the velocity measurement and video acquisition five times for each test. The average of five measured SVWFs of each point was regarded as the actual SVWF of that point. The average of the measured SVWF of three target points in a region was considered as the actual SVWF of that region. 
Video Processing
For each test, we intercepted a 5 s (30 frames per second) video clip from corresponding noninterference recorded video. These video clips were processed with the FOFM for SVWF estimation. The original image resolutions of captured videos were 1080 × 1920 pixels. To improve the computational efficiency and stability of the results, the image resolutions were converted to 360 × 640 pixels while calibrating and calculating optical flow. The video processing was executed in the MATLAB environment on an computer (i7-4790K CPU @ 4.00 GHz) (ASUS Computer (Shanghai) Co., Ltd., Shanghai, China). The processing algorithm was called the Computer Vision System Toolbox of MATLAB 2018b. 
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Results and Discussion
Water Flow Surface Velocity Field
The pixel displacement of the target point in two consecutive frames can be obtained by FOFM. According to the relationship between the pixel and the actual distance (2.13 mm/pix), the actual displacement of the target point can be deduced. The SVWF of the target point in the time interval of two successive frames can be calculated. On the test computer, it took 0.09 s to derive the vector SVWF distribution map from two frames of image using FOFM. The vector SVWF field is shown in Figure 3a .
As can be seen from Figure 3b (the local enlargement diagram of the area marked by the red box in Figure 3a ), the direction of SVWF is not completely parallel to the channel bank. In this study, we mainly focused on the SVWF in the main direction (v m ). To obtain the value of v m , we decomposed the vector velocity into the velocity component in the main direction and the velocity component perpendicular to the main direction (v p ). The surface velocities of water flow mentioned below refer to the velocities along the main direction. 
Time-Averaged SVWF
Using FOFM, a velocity field map can be obtained according to two successive frames of images. It was stipulated that the velocity field map derived from the first frame and the second frame images was called the velocity field map of the 1st frame, and the velocity field map derived from the second frame and the third frame images was called the velocity field of the 2nd frame, and so on.
Because of the complex flow on the water surface and the dramatic variation of water surface ripple, the estimated SVWF fields of different video frames were different (Figure 4 ). Figure 5 shows the relationship between the SVWF of each target point on three straight lines (AA', BB', CC' in Figure  3 ) and its distance from the left bank of the channel of the selected three typical frame images (38th frame, 75th frame and 112th frame). It could be seen from the graphs (Figure 5a1-c1 ) that although the variation trend curves of SVWF was roughly in line with the distribution characteristic of the SVWF in the channel, they fluctuated greatly. The consistency of peaks and troughs of SVWF variation trend curves of the same straight line in different frames was unfavorable. However, after average-processing of the SVWFs obtained from 150 frames of images, the SVWF variation trend curves tended to be stable (Figure 5a2-c2) . In order to obtain relative stable velocity estimation, we averaged SVWFs of all frames of a video clip in each test. The time-averaged SVWF (va) distribution is shown in Figure 6 . 
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Velocity Estimation and Error Analysis
In one test, five measurements were repeated and five video clips were obtained within the measurement interval. Taking region 1 (Figure 2) as an example, the average value of all va in region 1 of five videos was taken as the estimated average SVWF (hereinafter referred to as the estimated 
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In one test, five measurements were repeated and five video clips were obtained within the measurement interval. Taking region 1 (Figure 2) as an example, the average value of all v a in region 1 of five videos was taken as the estimated average SVWF (hereinafter referred to as the estimated SVWF). According to the aforementioned method, the estimated velocities in each region were obtained. Then regression analysis of average actual SVWFs (measured by the velocimeter) and the estimated SVWFs were made to evaluate the accuracy and reliability of the FOFM (Figure 7) . The regression formulas are listed in Table 1 .
Water 2019, 11, x FOR PEER REVIEW 8 of 10 region was greater than 0.8, which indicated that the estimated velocity in each region had a strong correlation with the actual average velocity. The average relative errors (ARE) of estimated SVWFs and measured SVWFs in regions 1, 2, and 3 were 6.5%, 4.9%, and 4.9%, respectively. The results showed that the FOFM had a good accuracy in estimating the SVWF of each water surface region. Furthermore, it meant the method adopted was a feasible and promising approach to analyzing the SVWF.
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Conclusions
In this study, the FOFM was introduced into the measurement of SVWF. The surface vector velocity field of water flow was obtained by this method. In velocity measurement, the SVWF in the main direction is the most concerned, thus the estimated vector velocities were transformed into the velocity along the main direction of the water flow. Because the velocity field of different frames changed dramatically, the velocity field of any frame image could not reflect the average velocity distribution of the flow surface in the time interval. Therefore, the estimated SVWFs were averaged over time, and the time-averaged SVWFs were obtained.
Finally, the regression analysis between the estimated SVWFs and the measured SVWFs were conducted, and the results showed that the estimated velocity could well reflect the actual velocity. At the same time, the performance of the estimated velocity in three regions of the flow surface was evaluated. The results showed that the method had good estimation effect in different regions of the flow surface. The adopted DOF method (FOFM) was concluded to be a better and more promising option in measuring SVWF and estimating the flow field distribution on the surface of water flow approximately.
Note that, although the FOFM is a simple and easy-to-use method, which can obtain the SVWF without continuously spraying tracers, the performance of the method is affected by the distribution of light on the surface of the flow. The FOFM is based on gray level invariant hypothesis. Once shadow appears in some areas of the image, the gray levels of the target points going through unshaded area to shaded area will change, obviously. It will have mismatches while using the FOFM to track these target points. The mismatches of these target points will affect the calculation of velocity. If there are shadows on the water surface in some areas during video recording, it may affect the calculation of optical flow and lead to larger errors in the estimation results. The video used in this study was recorded in clear weather and clear water flow, and the influence of shadows on the water surface on this method needs further researches. As shown in Figure 7 , the estimated SVWFs of regions 1 (Figure 7a ) and 3 (Figure 7c ) ranged from 0.2 to 0.4 m/s, and the estimated SVWFs of region 2 (Figure 7b ) ranged from 0.3 to 0.5 m/s. The distribution ranges of estimated velocity were approximately the same as the measured velocity distribution ranges. The correlation coefficients (R 2 ) between estimated SVWFs and average measured SVWFs in regions 1, 2, and 3 were 0.8109, 0.8389, and 0.8458, respectively. The R 2 of each region was greater than 0.8, which indicated that the estimated velocity in each region had a strong correlation with the actual average velocity. The average relative errors (ARE) of estimated SVWFs and measured SVWFs in regions 1, 2, and 3 were 6.5%, 4.9%, and 4.9%, respectively. The results showed that the FOFM had a good accuracy in estimating the SVWF of each water surface region. Furthermore, it meant the method adopted was a feasible and promising approach to analyzing the SVWF.
Note that, although the FOFM is a simple and easy-to-use method, which can obtain the SVWF without continuously spraying tracers, the performance of the method is affected by the distribution of light on the surface of the flow. The FOFM is based on gray level invariant hypothesis. Once shadow appears in some areas of the image, the gray levels of the target points going through unshaded area to shaded area will change, obviously. It will have mismatches while using the FOFM to track these target points. The mismatches of these target points will affect the calculation of velocity. If there are shadows on the water surface in some areas during video recording, it may affect the calculation of optical flow and lead to larger errors in the estimation results. The video used in this study was recorded in clear weather and clear water flow, and the influence of shadows on the water surface on this method needs further researches.
